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Abstract. Clouds in the atmosphere play an important role in 1% for all possible azimuth angles). For the most frequent
reflection, absorption and transmission of solar radiation andtloud types, the total error is below 6% above 15 km altitude,
thus affect trace gas retrievals. The main goal of this paper isf clouds are completely neglected in the retrieval. Neglect-
to examine the sensitivity of stratospheric and lower meso-ing clouds in the ozone profile retrievals generally leads to
spheric ozone retrievals from limb-scattered radiance meaa low bias for a low ground albedo and to a high bias for a
surements to clouds using the SCIATRAN radiative trans-high ground albedo, assuming that the ground albedo is well
fer model and retrieval package. The retrieval approachknown.

employed is optimal estimation, and the considered clouds
are vertically and horizontally homogeneous. Assuming an
aerosol-free atmosphere and Mie phase functions for cloud .
particles, we compute the relative error of ozone profile re-1 Introduction

trievals in a cloudy atmosphere if clouds are neglected in the . .
y P 9 Clouds play an important role in the Earth’s atmosphere.

retrieval. To access altitudes from the lower stratosphere uq_he tropospheric cloud coverage is about 50% at any given

(o the Iqwer mesosphere, we combme the retnevalg n th%me and 7% of the total tropospheric volume is occupied
Chappuis and Hartley ozone absorption bands. We find S|gby clouds Lelieveld et al, 1989 Pruppacher and Jaenicke

nificant cloud sensitivity of the limb ozone retrievals in the 3 . o .
Chappuis bands at lower stratospheric altitudes. The reI—1995 I\_/Iage etal, 2007). Clouds |nterac_t V\."th incoming so-
Jar radiation and long wavelength radiation emitted by the

ative error in the retrieved ozone concentrations gradually . .
decreases with increasing altitude and becomes negligiblgarth’ thus affecting the atmospheric energy budget and at-

above approximately 40 km. The parameters with the Iarges%nOSpherIC phgtochem|stry. , i
impact on the ozone retrievals are cloud optical thickness, Tropospheric CI_OUdS affect the scattering and penetration
ground albedo and solar zenith angle. Clouds with dif'fer—of solar photons in the atmosphere (e.ganbauce et al.

ent geometrical thicknesses or different cloud altitudes havg003_Rozanov and KOkhan.OVSkgOOAD' The scattering pro-
a similar impact on the ozone retrievals for a given cloud ¢€S impacts trace gas retrievals from satellite instruments or

optical thickness value, if the clouds are outside the field ofground-based measurements (esgle et al, 1995 Rozanov

view of the instrument. The effective radius of water droplets and Kok_hanovskyzopa and references therein). o

has a small influence on the error. i.e.. less than 0.5% at al- Satellite observations of the scattered solar radiation in
titudes above the cloud top height. Furthermore, the impactMP viewing geometry have become one of the standard
of clouds on the ozone profile retrievals was found to have 46chniques to measure stratospheric profiles of ozone and

rather small dependence on the solar azimuth angle (less th&i€r minor constituents (e.gMcPeters et al.200Q von
Savigny et al. 2003 Haley et al, 2004 Rault 2004. The

limb-scatter observation geometry is characterized by a com-

Correspondence tal. Sonkaew plex radiative transfer, because the multiple scattering or dif-
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Fig. 1. A simple schematic diagram illustrating the limb-scatter observation geometry (not to scale).

can be significant@ikarinen et al. 1999, and because the and azimuth angles) are assessed. In the framework of this
sphericity of the atmosphere cannot be neglected. Furtherstudy, the following cloud parameters are considered: cloud
more, the underlying surface, which may contribute signifi- optical thicknessx), cloud top height, effective radius of wa-
cantly to the diffuse illumination of the sensed air volumes, ister droplets£.), and cloud geometrical thickness.
not observed directly. This geometry is strongly affected by The structure of this paper is as follows: The methodology
surface albedo and clouds, especially in the spectral rangesf our investigation and the software package SCIATRAN,
with small gaseous absorption. Figutdllustrates the ba- which was used to obtain all presented results, are briefly
sic geometry of satellite limb-scatter observations. Althoughdiscussed in Sec®. Section3 describes the synthetic mea-
several recent studies presented detailed error analyses feurements used to derive the stratospheric and lower meso-
stratospheric ozone profile retrievals from limb-scatter mea-spheric ozone profiles from limb-scattered solar radiation ex-
surementsHaley et al, 2004 Loughman et a).2005 von ploiting both the Hartley and the Chappuis bands of ozone.
Savigny et al. 20053, the effect of tropospheric clouds on In Sect. 4, the retrieval algorithm is summarized and the
the retrievals has not yet been comprehensively described anethod to obtain the ozone retrieval error caused by neglect-
has been approximated by a high surface albedo in combinang clouds in the retrieval process is introduced. A method
tion with an elevated Earth surface (eldaley et al, 2004. to estimate ozone retrieval errors based on a linear approx-
In terms of stratospheric NOprofile retrievals from satel- imation is developed in Sech. The atmospheric, surface
lite limb-scatter observation§ioris et al.(2003 performed  and cloud scenarios employed throughout the study are de-
some sensitivity studies on the effect of clouds on the re-scribed in Sect6. Section7 discusses the reduction in cloud
trievals. sensitivity of ozone profile retrievals if a wavelength triplet is
The main goal of this study is to investigate the effect of used rather than single wavelengths. In S&dthe influence
tropospheric clouds on the retrieval of ozone profiles in theof tropospheric clouds on the ozone profiles retrieved from
stratosphere and the lower mesosphere from satellite medimb-scatter measurements in both the Hartley and Chappuis
surements of the scattered solar radiation in limb viewingabsorption bands is investigated. The sensitivity studies are
geometry. Ozone profile retrieval errors, due to neglect ofshown in terms of relative percentage errors of ozone pro-
clouds, are examined using a humerical method. The deperfiles retrieved assuming a cloud-free atmosphere, although
dence of these errors on cloud optical and geometrical pathe (synthetic) measurements are made in a cloudy atmo-
rameters, surface albedo, and viewing geometry (solar zenitBphere. Finally, all results are summarized in the last section.
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2 Methodology The pseudo-spherical solution is obtained by employing the
discrete-ordinate method similar to that describe&layvert
Due to a lack of detailed information on cloud properties in (2000. The weighting functions are calculated by employ-
the observed part of the Earth's atmosphere, only qualitativeng the forward-adjoint technique as describedRiyzanov
investigations of the impact of tropospheric clouds on the(2008.
accuracy of the ozone vertical profile retrieval are possible The SCIATRAN software package compares well with
when real measured data are used. In this study, we employther radiative transfer codeKyrosu et al. 1997 Lough-
an end-to-end numerical simulation technique allowing us toman et al, 2004 Hendrick et al, 2006 Wagner et a].2007).
quantify the impact of tropospheric clouds of different kinds |t has been successfully employed to retrieve vertical pro-
on the I’etrieval aCCUracy Of ozone profiles in the Stratospherﬁ|es of atmospheric trace gases from measurements Of the
and lower mesosphere. The conceptual flow of our investi-scattered solar radiation performed by the SCIAMACHY in-
gations is as follows: strument in limb viewing geometryRozanov et a).20053

1. We formulate the main scenario for the clear and cloudyBracher et al.2005 von Savigny et a).2005h Butz et al,

atmosphere including typical vertical profiles of pres- 2006 Rozanov et 8].2007).
sure, temperature, ozone number density, and surface

albedo. . .
3 Forward simulations

2. We formulate different cloud scenarios with various
cloud parameters. The vertical distribution of ozone number density in the
) o . Earth’s atmosphere using limb-scatter measurements in the
3. Usmg the radiative transfer code, we galculate the limbj\/visiple spectral range is commonly retrieved by exploit-
radlancg spectra for thesg scenarios in the Hartley anqing the Hartley, Huggins, or Chappuis absorption bands. The
Chappuis spectral absorption bands. Hartley bands in the UV have been employedRysch et
4. The simulated limb radiance spectra for cloudy condi- &l- (1983 to retrie\{e lower mesospheric ozone profiles from
tions are considered as synthetic experimental data, Mmeasurements with the UV spectrometer on Solar Meso-
sphere Explorer (SME). More recently, the Hartley bands
5. The vertical profile of ozone concentration is obtained were used byRohen et al.(2006 to retrieve ozone pro-
ignoring cloudiness employing the retrieval algorithm files in the upper stratosphere and lower mesosphere from
as described in Sect3and4. SCIAMACHY limb-scatter measurements. Ozone absorp-
6. The retrieval errors are obtained for each cloud scenaric?r(z)':n'nl.t hi Hugt%ms bands was epr0|t.er<]j f(;r pré)rf]ne lretrgevals
by taking the difference between the retrieved ozone,. Imb-scatter me_asurem_ents with the . uttle zone
profile and the ozone profile used for the forward simu- limb-scattering Experiment/Limb Ozone Retrieval Experl—
lations (the true profile) ment (SOLSE/LORE) flown on the space shuttle in 1997
' and 2003 Flittner et al, 2000 McPeters et al.2000. The
The described end-to-end approach requires the usage of aghappuis bands in the visible have been used-ligner
propriate algorithms to simulate the limb radiance spectraet al. (2000, McPeters et al(2000, von Savigny et al.
and to retrieve the ozone vertical profile. For this purpose, (2003, Haley et al.(2004, Rault (2004, Rozanov et al.
we have employed the software package SCIATRAN 2.2(2007 and Roth et al.(2007) to retrieve ozone profiles in
(Rozanov et aJ.2005h Rozanoy 2008. This package in- the stratosphere from measurements with SOLSE/LORE, the
corporates a suitable radiative transfer model and the reOptical Spectrograph and InfraRed Imager System (OSIRIS)
trieval algorithm routinely run at the Institute of Environ- on Odin, the Stratospheric Aerosol and Gas Experiment
mental Physics of the University of Bremen to retrieve the (SAGE IIl) on Meteor-3, and SCIAMACHY. In this study,
vertical distributions of ozone in the stratosphere and thewe combine the observations in the Hartley and Chappuis ab-
lower mesosphere from SCIAMACHY limb measurements. sorption bands to retrieve the vertical distributions of ozone
Throughout this study, the forward modelling is performed in in both the stratosphere and the lower mesosphere. A similar
an approximate spherical mode by employing the combinedapproach was recently applied to OSIRIS limb-scatter mea-
differential-integral (CDI) approactRpzanov et a).2001). surementsegenstein et 12009, combining spectral in-
With this approach, the outgoing radiance is calculated byformation from the Hartley, Huggins and Chappuis bands in a
integrating the contributions from both single and multiple simultaneous ozone profile retrieval. Furthermdigkiainen
scattering along the instrument line-of-sight intersecting aet al. (2008 recently presented retrievals of ozone profiles
spherical shell atmosphere. The single scattered solar rad{and several other atmospheric parameters) from OSIRIS
ation is considered fully spherical. The multiple scattering limb-scatter observations that also combined spectral infor-
contribution is approximated for each point at the line-of- mation from the UV and visible ozone absorption bands.
sight by solving the pseudo-spherical radiative transfer equa- In the Hartley absorption band, where the measured limb
tion for the proper atmospheric location and illumination. radiance is mostly sensitive to the ozone amount in the
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Table 1. The lowest §qy) and referencei(.) tangent heights for the wavelengths used.

Wavelength (nm) 264 267.5 2735 283 286 288 290 305 525 602 675

Riow (km) 52 52 52 45 45 45 45 35 9 9 9
hy (km) 7171 71 68 65 65 61 55 41 41 41

35-70 km altitude range, a discrete set of wavelengths is seBoth the normalized limb radiances at UV wavelengths and
lected similarly toRohen et al(2006 avoiding Fraunhofer the Chappuis triplet as given by Eq$) and @), respectively,
lines and dayglow emissions, namely, 264, 267.5, 273.5, 283will be denoted further ag(h;). For simplicity, we omit the
286, 288, 290, and 305nm. To increase the signal to noisexplicit notation of the wavelength dependence.

ratio, the limb radiance is averaged over 2 nm spectral inter- Employing the SCIATRAN radiative transfer model, limb
vals around each central wavelength. The UV wavelengthradiance spectra are generated in a cloudy and cloud-
set used in this study is somewhat smaller as compared téree atmosphere for all considered wavelengths and tangent
Rohen et al(2006. In particular, we have skipped the three heights. The vectors containing the limb radiances (normal-
shortest (250, 252, and 254 nm) and the two longest (307 antzed limb radiance profiles for the UV wavelengths and the
310 nm) wavelengths. The former do not change the infor-Chappuis triplet) will be denoted as for cloudy, andy ; for
mation content of the entire data set much and are stronglgloud-free conditions.

noise contaminated, whereas the latter are substantially af-

fected by the multiple scattering and surface reflection. To

reduce the impact of instrument calibration errors as well ag* Retrieval method and errors associated to clouds

of I'.ght scatte_rlng in the lower atmospheric Iayers_, the limb Obviously, the limb radiance in the considered spectral range
radiance profiles at each wavelength are normalized by the . o .
: . . 7~ .depends on the vertical distribution of ozone in the atmo-
limb radiance measured at an upper tangent height which is o Y

. Sphere. Thus, any variation of the ozone number density in
commonly referred to as the reference tangent height:

the altitude range where the applied measurement technique
I (Mg, hi) (1) is sensitive, leads to a variation of the limb radiance detected
I, b)) by the instrument. Let us assume tblgtf (h;) is obtained as
Here, I (A, h;) andI (A, h,) denote the limb radiance at 8 a;}combmaﬂon of rr;itlaatsure_(lj_rl]lmb rad||a.1ncers1 C(_)rrrelspond!ng to
wavelengths listed abovy, k ¢ {1,...,8} at the current;, ~ U'€ rue ozone profile’(z). Then applying the Taylor series

H 1 . i .
and the referencé,,, tangent heights, respectively. At each expansiony,. ,(h;) can be written as follows:
wavelength only limb radiances observed in a selected tan- H

ent height range are used. Tallshows the lowes , ,
gent height rang ot Yo 00 =3es 0+ [me i@ dzre. @
0

InN (A, hi) =

and the referencés,, tangent heights for each wavelength, Y
whereas the highest tangent height is always defined by the

uppermost tangent height below the reference. Here,y.. r(h;) are the limb radiances calculated for a cloudy
The spectral information obtained in the visible spectral (subscript) or for a cloud-free (subscript) atmosphere us-

range is treated by using the triplet approach followki¢  jng the a priori 0zone vertical profike(z), H is the top of at-

tner et al (2000 andvon Savigny et al(2003 which exploits mosphere altitudesn (z)=n’(z)—n(z) is the variation of the

the limb _radiance profiles at three_ wa}velength§.=525 M o9zone number density profiley.. ;(k;,z) is the variational

at a relatively weak ozone absorption in the short-wavelengttyerivative of the appropriate limb radiance combination, as

wing of the Chappuis band,=602 nm at a strong ozone ab- given by Eq. {) or (2), with respect to the ozone number den-

sorption near the center of the Chappuis band, %75 ity which is commonly referred to as the weighting function
at a weaker ozone absorption in the Chappuis bands. SimilafseeRozanoy 2006 for further details):

to UV wavelengths, the limb radiance is averaged over 2nm
spectral intervals around each central wavelength and norz, ;. - _ 5yc,f(hi),
malized by the limb radiance at the reference tangent height. dn(z)

The lowest/uow, and the reference,, tangent heights for - 54 js the linearization error containing the contributions
the visible wavelengths are also listed in TableFurther- o higher-order terms of the Taylor series. We note that the
more, the normalized limb radiance profiles are combinedgighting function for the gaseous absorber concentration as
resulting in the so-called Chappuis triplet: given by Eq. 4) is always negative because increasing the ab-

In(A2, b)) sorber concentration leads to increased light absorption and,
VINGL ) NG, D) (2) hence, to decreasing limb radiance.

(4)

lcn(hi) =
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If the cloudiness in the Earth’s atmosphere is treated propb5 Approximate approach to estimate the retrieval
erly, the true vertical profile of ozone can formally be ob- errors

tained from the corresponding radiances as follows:
In the previous section, we have described an approach al-

(@) =n(@) +Relye(h) = yehi)l, (3)  Jowing us to calculate the error in the retrieved ozone profiles
whereri’.(z) is the estimation of the true ozone vertical profile associated with neglecting clouds in the retrieval process.
andR,. is the inverse operator whose explicit form dependsUnfortunately, the final expression for this error, E4), €on-
on the applied retrieval algorithm. In particular, a nonlinear tains the inverse operatdR ¢, which, for the problem un-
Newtonian iterative retrieval approach of the optimal estima-der consideration, does not have an analytical representation.
tion (Rodgers1976 type is employed throughout this study. Thus, for each considered atmospheric scenario, the inverse
The diagonal elements of the a priori covariance matrix wereproblem needs to be solved numerically. Furthermore, the
set to standard deviations of 1000% to ensure that the recomplicated relationship between the observed limb radiance
trieval is completely independent of the a priori information. and the retrieved concentrations does not allow the obtained
The off-diagonal elements were determined assuming a corresults to be easily explained. In this section, we derive an
relation length of 1.5 km. approximate expression which establishes a simple relation-
In acommon retrieval process,(h;) in Eq. (5) is obtained  ship between the observed quantities and the retrieval error of
as a combination of the measured limb radiances whereate ozone profiles allowing the latter to be estimated without
ye(h;) is simulated with the forward model using the a priori solving the inverse problem.
profilen(z). However, due to a lack of information aboutthe ~ One of the objectives of our discussion below is to illus-
cloud parameters in the observed scene, it is usually impostrate how the normalization and combination of the limb ra-
sible to simulatey.(h;) andR. properly. The easiest way to diances into the Chappuis triplet affects the sensitivity of the
avoid this problemis to neglect the clouds in the retrieval pro-retrieval error to the tropospheric clouds. For this reason,
cess assuming a cloud-free atmosphere when simulating th@ addition to the Chappuis triplet, we also consider the ab-
limb radiances and obtaining the inverse operator. This resolute limb radiance (i.e., not normalized) when discussing
sults, however, in a different estimation (compared to&q. the approximate approach to estimate the retrieval error. On
for the true vertical distribution of ozone: the other hand, it is clear that, because of the stronger ex-
R tinction of the atmosphere, much less light penetrates down
() =n() +Rylye(hi) = ys ()], ©® 1o the troposphere in the UV spectral region as compared
where, in contrast t®,, the inverse operat®  is employed  to the visible range. Thus, the expected sensitivity of limb
assuming a cloud-free atmosphere. Obviously, the absolutebservations to tropospheric clouds is much weaker in the
error in the retrieved vertical distributions of ozone occurring UV spectral range. For this reason, we do not consider the
due to this approximation can be estimated as follows: UV wavelengths when discussing the approximate retrieval
An(z) = 7, (2) —n'(2) ) error. Please note that the UV wavelenghts are considered
f ’ when calculating the error employing the end-to-end numer-
wheren’(z) is the true vertical profile of ozone which is ical approach according to Ec®)(or (10). For further con-
known since the numerical simulation technigue is used. Fosiderations, let us introduce a new notatiép ¢ (k;), which
the sake of simplicity, the numerical experiments are per-will denote the Chappuis triplet, absolute limb radiance or
formed throughout this study assuming that the true ozonenormalized limb radiance for a cloudy and a cloud-free at-
number density profile is the same as a priori one, i.e.mosphere, respectively. Further in the scope of this paper,

n’(z)=n(z) anddn(z)=0. Hence, following from Eq.3), Se, r(hi) will be referred to as the limb signal.
yi(hi)=y.(h;), and Eq. 6) this results in Generally, retrieval errors due to neglect of clouds occur
N because the presence of clouds in the atmosphere causes
1y (2) =n(2)+Rylye(hi) —yrhi)]. (8) changes in the limb signal similar to perturbations in the
Substitutingi’, (z) as given by Eq.§) into Eq. (7) and taking ~ 0zone vertical distribution. These retrieval errors can be
into account that’ (z)=n(z), we obtain estimated employing Eq3). To this end, let us rewrite

this equation with the limb signals,(z;) and S¢(h;)
An(z) =Ry [yc(hi) _)’f(hi)] . (9)  corresponding to the cloudy and the cloud-free atmosphere

. . on the left-hand and right-hand sides of E8), (espectively.
Here, An(z) characterizes the absolute retrieval error (re- Equation @) results in

trieved minus true ozone number density) caused by neglect-

ing the cloudiness in the retrieval process. In the following H
sections, we consider the relative error of the ozone verticaly (p,,) — Sg(hi) +/w,r(hi,z) sn(z)dz (11)
profile retrieval as given by 2
An(z) 1
= =—2R hi)—yrhi)|. 10
r@=5 = s R et~ (10)
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or approximation let us first expand the limb signal in a Taylor
H series similar to Eq.3) restricting our consideration to linear
terms:
A5G = [y 2yrs(@)dzv. (12) .
0 dn(z)

Se (1) = Se. () + / we @) 2D 47 (17)

0

Here, AS(h;)=Sc(h;)—Sy(h;) is the variation of the limb n(z)
signal caused by the cloud only becawsér;) and S (h;)
were calculated using the same a priori ozone vertical densityAssuming that in the perturbed state, no ozone is present in
n(z), rs(z2)=8n(z)/n(z) is the relative variation of the ozone the atmosphere, i.e., the perturbed vertical profil€;), is

number density caused by neglect of cloud and#;,z) is equal to zero, the relative variation of the ozone concentra-

the corresponding weighting function that is usually referredtion is written as

to as the relative weighting function. Clearly, the relation- ) 0—n()
ship between the relative and absolute weighting functions is—— = =-1 (18)
given by n(@) n(@)
W (his2) = @e.f (hi2)n(2) . (13) and Eq. 17) results in

H
Please note that, though the same notation is used, thg} 0 — 4 19
weighting functions for the absolute limb radiance and for %¢./ (9 = “’f(”)_/wc’f(z) s (19)
the Chappuis triplet are different. 0

It is worth noting that Eq.X1) states that the limb sig-  \yheres,. (n)ands,., ;(0) are the limb signals with and with-
nal for a cloudy atmosphere and a priori ozone profile) out ozone absorption, respectively. Employing B)( the
is related to the limb signal for a perturbed ozone profile, gitference between the limb signals in a cloudy and a cloud-
i.e., n(z)+dn(z), and a cloud-free atmosphere. We empha-free atmosphere can be expressed as follows:
size that the perturbation of the ozone vertical prafil€z)
or rs(z) is a parameter to be found solving Ed@1) or (12), Se(n)—S¢(n) = [SC(O) -8y (0)] + [WC — Wf] . (20)
respectively.
Approximating the relative variation of the ozone number '
densityrs(z) in Eq. (12) by an altitude independent value AS(n) = ASO)+AW . (21)
rs(h;) as follows:
- The first term on the right-hand side of E§1J describes the
Twr(hi2)rs(z)dz variation of the limb signal due to the enhanced reflection

w0 14 of solar radiation by clouds in a non-absorbing atmosphere.
rs(hi) = H ’ (14) The second term represents the variation of the gaseous ab-
Jwg(hiz)dz sorption caused by changes in the photon path lengths in a
0 cloudy atmosphere. We will refer to these terms, hereafter,
it can be seen that EqL?) results in: as the scattering and absorption terms, respectively. Substi-
tuting AS(n) as given by Eq.Z1) into Eq. (L5), the following
_ AS(hy) : ) ) : —
Fs(hi) = W) (15)  expression for the approximate retrieval error is obtained:
o L ASGO+AW ()
whereW ; (h;) is the vertically integrated weighting function 7s(:) = W) : (22)
defined by P
Although this equation provides a very convenient tool to an-
H . .
alyze the retrieval error and allows the absorption by atmo-
Wy(hi)= / wy(hi,z)dz. (16)  spheric trace gases and the reflection of light by clouds to be
0 considered independently, it is affected by the quite strong

limitation of the assumed linearity. In Se@t.we will con-
sider a few examples showing that under certain conditions
this limitation can lead to completely wrong results when es-
timating the retrieval error using ERR3).

Thus, following Eq. 15), the approximate relative error in
the ozone vertical distributions retrieved neglecting clouds
in both forward model and the retrieval approach is propor-
tional to the difference between the limb signals in a cloudy
and a cloud-free atmosphere. This conclusion is in line with
the results of the end-to-end numerical treatment given bys Atmospheric and cloud scenarios
Eq. (10).

A further simplification can be obtained using an approx- Throughout this study, the limb radiance is simulated in
imate representation fakS(k;) in Eq. (15). To obtain this  selected spectral intervals considering Rayleigh scattering,
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Table 2. Cloud parameter sets used in this study. The varied parameters are markeg'with (

Sections/studied tests Cloud parameter
Cloud extension (km) t r. (um) SZA SAA A Figs.

Absolute radiance vs. Chappuis triplet 4-7 10 8 30 90 0.3 Figig.3

4-7 10 8 30 90 0.9 Figt
Investigation of the retrieval errors 4-7 10 8 30 920 0.3 Big.
Cloud types
— Low cloud 1-3 i 8 30 90 0.3 Figba
— Middle cloud 2-7 Vv 8 30 90 0.3 Figbb
— High cloud 6-15 i 8 30 90 0.3  Figbe, Fig.6d
Effective radius of water droplets 2-7 10 30 90 0.3 Fig8a
Cloud geometries
— Clouds top height i 10 8 30 90 03 Figoa
— Cloud geometrical thickness i 10 8 30 90 0.3 Fig9b
Ground albedo 2-7 10 8 30 90 ./ Fig.10a, Fig.11

2-7 2 8 30 2 Fig. 10e
Viewing angles
— SZA 2-7 10 8 Vv 90 03 Fig.12a
— SAA 2-7 10 8 30 L 03 Fig.12b
— SCIAMACHY limb-scan 2-7 10 8 J v/ 03 Fig.1l4a
— OSIRIS limb-scan 2-7 10 8 Vv v/ 03 Fig.14b
Frequent cloud 4-7 10 8 Vv v/ 03 Fig.15

ozone absorption, and scattering of light by clouds. The surthis transformation for each cloud type were shifted up- and

face reflection is assumed to be Lambertian and the groundownwards, respectively, to match the internal altitude grid

albedo is set to 0.1, 0.3, 0.5, and 0.9. As only the cloud efdevels of the forward model. As a result, in the cloud clas-

fect on the ozone profile retrieval will be focused on here, sification used throughout this study, shown in Tahl¢he

no aerosols are taken into account. The vertical profiles otclouds of different types overlap in altitude, which is not the

pressure, temperature and ozone number density were takemse in the original ISCCP classification. However, for our

from Prather and Remsbe(§993. study, there are no disadvantages associated with this over-
In the Earth’s atmosphere, clouds occur in three differentlap.

thermodynamic states: water, ice, and mixed states. Un- Table2 provides an overview of the sets of cloud parame-

like the water clouds, the microphysical properties of the iceters used for each considered cloud scenario. The following

clouds cannot be characterized by a single shape and particl@bbreviations are used in the table and in the text betois:

size distribution, because the size, shape, orientation and irthe cloud optical thickness, denotes the effective radius of

ternal structure of the ice particles in crystalline clouds canwater droplets, A is used for the Lambertian surface albedo,

be very different (e.gKokhanovsky2004). Fortunately, our  and the viewing geometry is defined by the solar zenith an-

preliminary investigations have shown that the ozone pro-gle (SZA) and the solar azimuth angle (SAA). The angles are

file retrieval is mainly affected by the cloud optical thickness defined at the tangent point.

rather than by the thermodynamic state of the cloud. There-

fore, only water clouds are considered here. Furthermore _ L

the cloud droplets are assumed to be spherical and Mie call Absolute radiance vs. Chappuis triplet

culations are used to establish the scattering phase functioqfs1

and scattering coefficients. The clouds are considered to bﬁwe retrieval error obtained in SeBtto analyze how the com-
homogeneous.

The classification of water clouds in this study is based onbmaltlon of the limb radiances in the Chappuis triplet affects

) . . h nsitivi f the ozone profile retrieval r heri
the definitions of the International Satellite Cloud Climatol- the sensitivity of the ozone profile retrievals to tropospheric

: ; . clouds. Furthermore, the validity of the linearity assumption
ogy Project (ISCCP) and depends on the cloud optical thlCk'employed to separate the contributions of the atmospheric

ness and dloud top pressure (Rossow and Schiffer, 1999). Absorbers and the reflection of the solar light by the clouds,
this paper, the cloud top pressure is converted to the clou dee Eq.22), is investigated
top height using the pressure profiles mentioned above. For 9-49 9 '

simplicity reasons, the top and bottom heights resulting from

this section, we employ the approximate relationships for
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Fig. 2. Contribution of the term& S(h;;0)/ W (h;) andAW (h;)/ W ¢ (h;) to the linearized approximate retrieval error obtained according
to Eqg. @2). Panel(a) shows the results for the absolute limb radiance at 602 nm, glanfdr the normalized limb radiance at 602 nm and
panel(c) for the Chappuis triplet. The calculations were performed by following the scenario as given ir2Table

As seen from Eq.42), the magnitude and sign of the re- for the cloud-free model to match the enhanced limb radi-
trieval error depends on the relationship between the termance is to decrease the ozone concentration. This results in
AS(h;;0) and AW (h;) which can be significantly different the negative ozone retrieval error for the scattering term. On
for the absolute limb radiance and for the Chappuis triplet.the other hand, the presence of a cloud leads to increased
This is illustrated in Fig2. The upper left and right pan- absorption and, therefore, to a decreased limb radiance. In
els of the figure show the contributions of the scattering termthis case, the absorption error term is positive because the
AS(hi;0)/ Wg(h;) and absorption terrAW (h;)/ W (h;) to cloud-free model needs larger ozone concentrations to match
the total retrieval error for the absolute and normalized limbthe increased path-absorption. Thus, in the case of the abso-
radiance at 602 nm, respectively, whereas the lower pandute limb radiance, the enhanced reflection of the solar light
shows the same for the Chappuis triplet. The calculationsn a cloudy atmosphere is the main source of error in the
were performed for the parameter set given in Tablelt retrieved ozone profile, occurring due to neglecting tropo-
follows that for the absolute limb radiance, as shown in thespheric clouds in the retrieval process.
upper left panel of Fig2, the contribution of the absorp-
tion term is positive whereas the contribution of scattering ©On the contrary, the contribution of the scattering term is
term is negative and dominates. The obtained results casignificantly smaller for the normalized limb radiance and for
be easily explained. On the one hand, the appearance of &€ Chappuis triplet, as shown in the upper right and in the
cloud in the atmosphere usually leads to an increase of thiower panel of Fig2. In these cases, the error in the retrieved
reflected limb radiance as compared to the cloud-free cas@zone profiles is mainly due to the differences in the gaseous
and, hence, to the positive value s (i;; 0). The only way absorption associated with changes in photon path lengths

in a cloudy atmosphere. Comparing the contribution of the
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Fig. 3. Comparison of the approximate errors of the ozone profile retrieval calculated with and without linearity assumption according to
Egs. 2) and (L5), respectively. Panéh) shows the results for the absolute limb radiance at 602 nm, gandr the absolute normalized
limb radiance at 602 nm, and parfe) for the Chappuis triplet. The calculations were performed for the same set of parameters a.in Fig.

absorption term to the ozone retrieval error in the case of the As can be clearly seen, the impact of clouds is much larger
absolute and normalized limb radiance shown in the uppefor the absolute limb radiance as compared to the normalized
left and upper right panels of Fig, respectively, one can see one, and compared to the Chappuis triplet. Moreover, em-
that this term changes its sign. This can be explained by the@loying the normalized limb radiance or the Chappuis triplet
fact that, although in the presence of a cloud, the limb radi-in the framework of cloud-free model, one can expect a sys-
ance decreases due to an enhancement of path-absorptiontamatic underestimation of the retrieved ozone profile.
all relevant tangent heights, the relative decrease at the refer-
ence tangent height is stronger. Therefore, in the presence Figures3 and4 illustrate the impact of the linearity as-
of a cloud, the normalised limb radiance increases due tesumption used to derive the linearized representation for the
additional path-absorption as compared to a cloud-free atapproximate retrieval error as given by ER2). The results
mosphere. Thus, the cloud-free model needs less ozone w@re shown for the absolute limb radiance at 602 nm (panel a),
match the increased normalised limb radiance and the correthe normalized limb radiance at 602 nm (panel b), and for
sponding ozone retrieval error becomes negative. the Chappuis triplet (panel c¢) for different values of sur-
face albedo. Figur® shows the approximate error of the
ozone profile retrieval calculated with and without linearity
assumption according to Eq22) and (L5), respectively, for
a surface albedo of 0.3 and the same cloud parameters and
viewing geometry as described above. Figdrshows the
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Fig. 4. Same as Fig3 but for a surface albedo of 0.9.

same errors but for a surface albedo of 0.9. As seen from th& Investigation of the retrieval errors
plots, under certain conditions (e.g., high surface albedo) the

linearization error for the Chappuis triplet is so high that not In this section, the errors in the retrieved vertical distributions

ev_?_ﬂéh:bfgirr:ggt:’elgglg fég?ﬂ%%g:?;??ﬁ;ﬁgﬁ: 'St;ipéggqu&ﬁdqf ozone occurring due to neglecting tropospheric clouds in
. . : . 1SINg &he retrieval process are analyzed employing the full end-
tion of the limb radiances in the Chappuis triplet leads to

a significant decrease of the cloud impact on the retrievafo_end numerical approach for different cloud scenarios and
rocgess On the other hand. this comgination can irlcreasviewing geometries. The obtained results are explained using
P ; . ' X . e approximate representation of the retrieval error obtained
the nonlinearity of the problem making the linear representa-
. . ) above (see EdL5).
tion for the approximate error as given by Eg2(unusable. _ . .
Therefore, this representation is not used in the discussion An example of the ozone vertical profile obtained neglect-
below. Instead, the dependence of the retrieval error on th&g fropospheric clouds in the retrieval process, as described
cloud parameters is discussed in the next section employin§Y EQ. @), is shown in Fig.5 in comparison with the true
the much more robust expression for the approximate errorertical distribution of ozone. The cloud parameters and
as given by Eq.15). the observation geometry are the same as in EigAs the
plot shows, the effect of the tropospheric clouds appears as a
small underestimation of the ozone number density in the al-
titude region below 30 km whereas in the upper layers, where
most of the information originates from the UV wavelengths,
the ozone retrieval is relatively insensitive to clouds. As
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0 T o oy field of view of the instrument/{ow=19 km). In future ver-
3 true profile ] sions of the ozone profile retrieval from SCIAMACHY limb
60 _ retrieved profile _ measurements cloud top height information — also retrieved
E 3 from SCIAMACHY limb observations with a colour-index
: ] approach similar to the PSC detection describebim Sav-
50 F E igny et al.(2005b — will be employed to limit the range of
E ; ] tangent heights used.
‘%7 405_ 30 : 3 For all cloud layer altitudes, the retrieval errors shown in
2 : ] Fig. 6 are mostly negative and decrease with increasing alti-
< Ef ] ] tude as well as with decreasing Thus, most typically, the
sof f ] NG - ozone concentrations are underestimated if the tropospheric
: } L] clouds are neglected in the retrieval process. However, for a
205_ sk ] 3 small z, the retrieval error can change its sign and become
: 3 D positive, as for example, for low and middle cloudsatl.
P 0Ls — 12 i - These general dependencies can be explained considering the
0B SR O i i i
5 m = = o approximate ret_rleval error as given b_y Eq5). _
10 10 10 10 10 Panel (a) of Fig7 shows the approximate retrieval error at
Ozone concentration (molecule/cm?) different tangent heights calculated for a middle cloud (as in

Fig. 6b). As can be seen from the plots, the approximate re-
Fig. 5. An example of the ozone vertical profile obtained neglect- trieval errors shown in FigZa are in good qualitative agree-
ing the tropospheric clouds in the retrieval process, as described by,ant with the errors obtained using the full end-to-end nu-
Eqg. ), in comparison with the true vertical distribution of ozone. merical approach presented in F&. In particular, the re-
jl'he. calculations were performed for the same set of parameters aisrieval errors in both Figsh and7a change the sigr; between
In Fig. 2. =1 andr=2 and increase with growing optical thickness of

the cloud fort>2. As, according to Eq.16), the approx-

shown below, this low bias in the retrieved ozone concentraiMate retrieval error is proportional to the difference in the

tions at lower altitudes is typical for neglecting tropospheric imb signals for a cloudy and a cloud-free atmosphere, the

clouds in the retrieval process for most cloud scenarios. dependence of the retrieval error on the cloud optical thick-
ness can be analyzed considering the corresponding values

8.1 Cloud optical thickness of the Chappuis triplet. Panels (b) and (c) of Figshow

the Chappuis triplet for a cloudy atmosphere (for the same
Figure 6 shows the sensitivity of ozone profile retrievals to scenario as in Figeb) as a function of the as well as the
tropospheric clouds for different and different altitudes of Chappuis triplet and the integrated weighting function for a
the cloud layer. The SZA and SAA are set td2hd 90, cloud-free atmosphere at 12km and 29 km tangent height,
respectively. The sensitivity is expressed in terms of the rel+espectively. Obviously, the Chappuis triplet in a cloudy at-
ative percentage error according to EtQ)( Panels (a) and mospherey,, increases with increasing Consistently with
(b) of Fig. 6 show the retrieval errors for the low and mid- Fig. 7a, the Chappuis triplet value for a cloudy atmosphere
dle clouds, respectively, according to the classification givenat t=1 is smaller than the cloud-free value leading to a pos-
in Table2. As seen from the plot, when being neglected in itive retrieval error (note that the integrated weighting func-
the retrieval process, low and middle clouds with the sametion is negative) whereas the opposite behaviour is observed
T cause similar errors in the retrieved ozone profiles. Genfor t>2.
erally, the retrieval error caused by this type of clouds is up The dependence of the ozone retrieval errors on the opti-
to about 5% at 10 km altitude decreasing with increasing al-cal depth of tropospheric clouds, discussed above, can be ex-
titude and with decreasing The results for the high clouds plained using the findings étoebeling et al(2005 andLiou
are shown in panels (c) and (d) of Fi§. Panel (c) shows (1973 who have discovered that the reflected solar radiation
the results for the standard tangent height range, as given iat visible wavelengths (630 nm and 700 nm, respectively) in-
Table 1, where the cloud is in the instrument field of view. creases with increasing, i.e., optically thicker clouds re-
Panel (d) shows the results for the lowest tangent height select more solar light. As demonstrated in Appendix A, a
to 19km. As an investigation of the retrieval error within variation of cloud parameters causing an increase in the re-
the cloud is outside the scope of this study, the results fofflected solar radiation also leads to an increase in the Chap-
high clouds are shown only for the altitudes above the cloudpuis triplet values. Thus, the enhanced reflection due to op-
layer, i.e., above 18 km. As clearly seen from the plots, thetically thick clouds causes an increase in limb radiance lead-
retrieval error reaching 17% at 18 km for the standard tan-ing, in turn, to larger values of the Chappuis triplet, which
gent height rangei{ow=9 km) decreases to less than 3.5% if results then in smaller ozone concentrations when retrieving
the lines of sight are rejected, for which the cloud is in the the profiles neglecting the clouds. Clearly, optically thicker
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Fig. 6. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process. Results are shown for different altitudes
of the cloud layer and for different cloud optical thicknessega) low clouds (1-3 km)(b) middle clouds (2—7 km)(c) high clouds (6—

15km) for the standard tangent height range, hgw=9 km is the lowest tangent height included in the retrie{@d),high clouds for the

reduced tangent height randgg,,=19 km.

clouds reflecting more solar light affect the retrievals more8.2 Effective radius of water droplets
strongly. This provides an explanation for the typical de-

endence of ozone profile retrieval errorsoand the gen- . . . .
P 0zone p . €9 In this section, the dependence of the ozone profile retrieval
eral underestimation of ozone concentrations retrieved from

limb-scatter observations neglecting tropospheric clouds i, or On the gffectlve radius Of. water droplets within the

the retrieval process clogd is |'nvest|gated. The effectlve; radius of water droplets,
’ re, is defined as the ratio of the third moment to the second

moment of the droplet size distributiohl@énsen and Travis

1974. The comparison is performed for a middle cloud and
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Fig. 7. Panel(a) approximate retrieval error according to Efj5Y at tangent heights of 12 km, 15km, 19 km and 29 km as a function of the
cloud optical thickness. Pandls) and(c) Chappuis triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function
at a tangent height of 12 km and 29 km, respectively. The calculations were performed for a middle cloud (the same scenari®b) in Fig.
Please note that the subscripts “c” and “f” refer to a cloudy and a cloud-free atmosphere, respectively.

the parameter set given in Tal®e Since ther is fixed, the  inline with the results presented in F&Ba. Panel (c) of Fig8
water droplet scattering phase function is the only parameteshows the Chappuis triplet for a cloudy atmosphere as a func-
changing when the, is varied. tion of ther, as well as the Chappuis triplet and the integrated
The sensitivity of the ozone vertical profile retrievals, per- Weighting function for a cloud-free atmosphere. As clearly
formed neglecting tropospheric clouds, to thewithin the ~ S€en, the Chappws tr_lplet for a cloudy atmosphere decr_eases
cloud is illustrated in panel (a) of Fi§. This figure demon- with increasingr, gett_mg closer to cloud-free values which
strates that the impact of clouds with small water droplets is'esults in smaller retrieval errors.
slightly higher than for larger droplets. However, as the dif- As shown by e.g.Kokhanovsky(2001), clouds having
ference in the relative errors between the largey@() and  smaller water droplet effective radii reflect more solar radia-
small (4um) water droplets is less than5%6, one can con- tion as compared to clouds consisting of larger water droplets
clude that the overall influence of thhgon the ozone profile if all other cloud parameters are identical. This can be ex-
retrieval is rather small. Similar to the previous section, thisplained by the fact that the scattering phase function of larger
dependence can be qualitatively explained considering thevater droplets is peaked much more strongly in the forward
approximate retrieval error as given by Egj5). Panel (b) of  direction as compared to the smaller droplets. Thus, the
Fig. 8 shows the approximate retrieval error as a function of probability of the backward scattering (i.e., of the reflection)
re for three different tangent heights. It can be clearly seenjs lower for larger water droplets. As, according to our find-
that the retrieval error decreases with increasing/hich is ings in Appendix A, for the typical atmospheric/observation
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Fig. 8. Panel(a) relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for diffeRantel(b) ap-
proximate retrieval error according to E4.5 at tangent heights of 12km, 15km, and 19 km as a function ofthé&anel(c) Chappuis

triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function at a tangent height of 12 km. The calculations were
performed for a middle cloud and the parameter set given in Table

conditions the Chappuis triplet has a similar behaviour asretrieved from limb-scatter measurements. The calculations
the reflected solar radiation, one can conclude that the reare performed for the parameter set given in Téble

sults shown in Fig8 are in agreement with the finding of  hg |eft panel of Fig9 illustrates the ozone profile re-

Kokhanovsky(2003). We note, however, that because of a yrieva) errors due to neglect of clouds in the retrieval process
different viewing geometry and a combination of the limb ¢, gitferent cloud top heights. The results are obtained for a
radiances into the Chappuis triplet, the impact of theb- a4 cloud geometrical thickness of 1 km. As seen from the
served in this study is much smaller compared to the result%bt, the dependence of the retrieval error on the cloud top

presented bikokhanovsky(2003). height is insignificant for cloud layers below 7 km. Because
of a finite field of view, the instrument directly observes the
8.3 Cloud top height and geometrical thickness atmosphere down to about 7.5 km altitude at the lowest tan-

gent height included in the retrieval (9 km). Thus, the reason
for an increased dependence of the retrieval errors on cloud

Other cloud parameters that can affect the retrieval error in ) -
clude the geometrical thickness and cloud top height. Adlop height for the cloud layers above 7 km is that these clouds

shown byRozanov and Kokhanovskg008 (and references '€ already in the field of view of the instrument.

therein) these parameters play a major role when retriev- The right panel of Fig9 shows the ozone profile retrieval
ing the vertical columns of ozone from the measurements ofrrors due to neglecting clouds in the retrieval process for
backscattered solar radiation in nadir viewing geometry. Indifferent geometrical thicknesses of the cloud. In this com-
this section, we analyze the impact of the cloud geometri-parison, the cloud top height is fixed to 7 km. As clearly seen,
cal thickness and cloud top height on ozone vertical profilesin contrast to nadir observations consideredRmzanov and
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Fig. 9. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process. The results are shown for different
cloud top heights and geometrical thicknesses of the cloud. Left panel: different cloud top heights for a fixed cloud geometrical thickness
(1km). Right panel: different cloud geometrical thicknesses for a fixed cloud top height (7 km). The calculations were performed for the

parameter set given in TabZ

Kokhanovsky(2008, the retrieval error for limb-scatter mea- surface albedo on the retrieval error is quite strong. In par-
surements is almost independent of the geometrical thicknesicular, the ozone concentrations are underestimated by up
of the cloud. Please note that theis fixed in this com-  to 6.5% at 10 km altitude when neglecting clouds over dark
parison, i.e., it does not change with a changing geometricasurfaces (A-0.1) whereas over bright surfaces~8.9) an
thickness of the cloud. The main reasons for the difference®verestimation by up to 1.5% at 10 km is observed. Similar
with respect to nadir observations are the combination of theo all previous results, the retrieval error decreases with in-
limb radiances in the Chappuis triplet suppressing the overaltreasing altitude. In the considered case, the largest retrieval

impact of clouds. errors occur over the dark surfaces and the smallest effect is
observed for a surface albedo of 0.5.
8.4 Ground albedo Similar to previous discussions, the obtained results can

be explained considering the approximate retrieval error as

All results presented above are obtained assuming a constagiven by Eq. {5). The top right panel of Figl0O shows the
surface albedo of 0.3 in both forward model and the retrievalapproximate retrieval error as a function of surface albedo for
algorithm. In this section, we investigate the influence of four different tangent heights. We observe that the approx-
the surface albedo on the ozone vertical profiles retrieved neimate error shows the same behaviour as the retrieval errors
glecting the tropospheric clouds. For the first set of sensitesulting from the full end-to-end numerical approach shown
tivity studies presented in this section, the surface albedo isn the top left panel of the figure. Looking at Eq5}, it is ob-
assumed to be known and the retrievals are performed usingious that the behaviour of the retrieval error can be analyzed
the correct values of the albedo, i.e., the surface albedo is theonsidering the limb signals for a cloudy and a cloud-free
same when modelling the limb observations and retrievingatmosphere. The middle panels of Fif) show the Chap-
the profiles. Later, we also discuss the effect of an incorrecpuis triplet for a cloudy and a cloud-free atmosphere as well
surface albedo value on the ozone profile retrievals. The calas the integrated weighting function for a cloud-free atmo-
culations are performed for a middle cloud with10, and  sphere as functions of surface albedo for a tangent height of
the other parameters as given in TaBle 12 km (left middle panel) and 29 km (right middle panel). It

The top left panel of Figl0 shows the relative error in  can be clearly seen, that both the Chappuis triplet for a cloudy
the retrieved vertical distributions of ozone occurring for dif- and a cloud-free atmosphere increase with increasing surface
ferent surface albedo values when neglecting clouds in th@lbedo. However, the dependence for cloud free conditions
retrieval process. As can be clearly seen, the impact of thés stronger. As, according to our findings in Appendix A, for
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Fig. 10. Left top panel: relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for different surface
albedos. Right top panel: approximate retrieval error according talBpaf tangent heights of 12 km, 15 km, 19 km and 29 km as a function

of the surface albedo. Middle panels: Chappuis triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function at a
tangent height of 12 km and 29 km, respectively. The calculations were performed for a middlerelbQdand the parameter set given in

Table2. Bottom panel: same as the left top panel buaff 2.

the typical atmospheric/observation conditions the Chappuis For the case under consideration,<y,. for low surface
triplet has a similar behaviour as the reflected solar radiaalbedo leading to negative retrieval errors wherngasy, for

tion, it is clear that it should increase with increasing surfacehigh surface albedo resulting in positive retrieval errors (note
albedo because more solar light is reflected and this increasthat the integrated weighting function is negative). Thus,
should be smaller for a cloudy atmosphere because the suthere is an albedo value at which the Chappuis triplets for
face is partially screened by the cloud. a cloudy and a cloud-free atmosphere are equal and vertical
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Fig. 11. Relative ozone profile retrieval errors for different surface albedo valyemAhe forward simulations, but a fixed albedp0.3
assumed in the retrievals (pamg) and a constant albedo of#0.3 in the forward simulations and varying albedoused for the retrievals
(panelb). The calculations were performed for the parameter set given in Zable

profiles of ozone are retrieved without any error. However,We note that the retrieval errors in panel (b) of Fig. are
the Chappuis triplet for a cloudy atmosphese, depends  very similar to the errors shown in the left panel of Figfor
not only on the surface albedo but also on thisee Fig.7). the same values of the albedo assumed in the retrievals. This
Therefore, the curves representingin Figs. 10c and10d finding is easily explained by panels (c) and (d) of Fig.
will be shifted upwards or downwards for clouds having showing that the Chappuis triplet yor the cloudy case is
greater or less than 10, respectively. The bottom panel obnly weakly dependent on surface albedo, whereas the triplet
Fig. 10 shows the relative retrieval errors for different sur- for the cloud-free case pyshows a much stronger depen-
face albedos and the same parameters as in the top left panélence. In other words, under cloudy conditions the effect
except that the is 2. The maximum errors are lower than for of surface albedo on the Chappuis triplet is rather small com-
at of 10. This panel clearly shows that the albedo leadingpared to a cloud-free scenario. The ozone profile retrieval
to essentially zero retrieval errors is smaller thansd.0, errors depend more strongly on the albedo value assumed in
in agreement with the dependencies shown in the two middleghe cloud-free retrievals. This also explains why the differ-
panels of Figl10. ences in retrieval errors between the different cases shown in
Taking into account that the Chappuis triplet for a cloud- panel (a) of Figllare smaller than in panel (b). Finally, we
free atmosphereyy, is independent of, one can conclude note that the relative differences between the cases shown in
that the surface albedo value where~y. (and the retrieval ~ panels (a) and (b) of Fidl1 are consistent with the depen-
is done error-free) depends en This consideration shows dence of the cloudy and cloud-free Chappuis triplet values
that the retrieval error caused by neglecting clouds can b&hown in the panels (c) and (d) of Fit0, and can be quali-
decreased by including an effective surface albedo in the retatively derived immediately from these panels.
trieval process. We note, that the mitigation of the impact of It is also noteworthy that for typical measurements over
clouds on the ozone profile retrievals by fitting an effective land and ocean, the surface albedo is low and, thus, the re-
ground albedo has been considered in &gylt(2004 and  trieved ozone concentrations are generally underestimated if
Roth et al (2007). tropospheric clouds are not considered in the retrieval pro-
Now we discuss several cases where the actual surfaceess (see Fidl0a). This may be one of the reasons for the
albedo value is not exact|y known, unlike the studies dis_IOW bias observed in the vertical distributions of the strato-
cussed earlier in this section. Panel (a) of Fig.shows  Spheric ozone retrieved from the OSIRIS limb-scatter obser-

ozone profile retrieval errors assuming different albedo val-vations when comparing to POAM lIvon Savigny et a).
ues in the forward simulation and an albedo ¢£A.3 forthe 20053 and ACE Dupuy et al, 2009 solar occultation mea-
retrievals. Panel (b) of the same figure shows the obtained reSurements.

trieval errors based on a fixed surface albedo g#8.3 in the

forward simulation of the synthetic observations, and differ-

ent values for the surface albedo in the cloud-free retrieval.
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Fig. 12. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for different viewing geometries. Left
panel: retrieval errors for different SZAs and a fixed SAA of 9Right panel: retrieval errors for different SAAs and a fixed SZA 0f.30
The calculations were performed for the scenario as given in Table
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Fig. 13. Left panel: approximate retrieval error according to Elp) (@t tangent heights of 12 km, 15km, and 19 km as a function of the
SZA. Right panel: Chappuis triplet for a cloudy and a cloud-free atmosphere as well as integrated weighting function at a tangent height of
12 km. The calculations were performed for a middle cloud (the same scenario asi@)Fig.

8.5 Solar zenith and azimuthal angles errors for different SAAs and a fixed SZA of B30 As can
be clearly seen, the retrieval error increases with increasing

In this section, we discuss the influence of the viewing geom-SZA for SZA<70° and then starts to decrease for SZ3(°.
etry, defined by the SZA and SAA, on the vertical distribu- For a SZA of 85 the retrieval errors of similar magnitude as
tions of ozone retrieved neglecting tropospheric clouds. Simfor 50° are observed. The maximum retrieval error of about
ilar to previous investigations, all calculations are performed7.5% at 10km altitude occurs for SZAs betweerf &hd
for the parameter set given in Taldle 80°. Between 30 and 70 SZA the retrieval error changes

In Fig. 12, the relative errors in the retrieved ozone pro- by about 5% at 10 km altitude. The influence of the SAA on

files for different SZAs and a fixed SAA of 9Gire shownin  the ozone vertical profiles retrieved when neglecting tropo-
the left panel. The right panel of Fid2 shows the retrieval ~ spheric clouds is smaller than for the SZA and the maximum
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effect is observed at about 25 km altitude. For larger SAAs, The relative retrieval errors for the SCIAMACHY viewing
the errors in the retrieved ozone profiles are smaller. geometry are shown in the left panel of Fig. In agreement
Similar to the discussion in the previous sections, the ob-with the results shown in Fidl.2, the largest retrieval errors
served dependencies can be explained considering the apecur at SZAs close to POFor the considered Envisat orbit,
proximate retrieval error as given by EqG5. The left panel  the worst viewing conditions in terms of the sensitivity of
of Fig. 13 shows the approximate retrieval error as a func-the ozone vertical profile retrievals to tropospheric clouds are
tion of the SZA at different tangent heights. We clearly ob- at SZA=68 and SAA=156 corresponding to observations
serve, that the retrieval error is always negative and showsit southern mid-latitudes and the second worst conditions at
a maximum (in absolute values) betweer? &d 80 SZA SZA=63 and SAA=268 correspond to observations at high
decreasing for lower and higher Sun which is in line with the northern latitudes. The smallest retrieval errors are observed
results presented in Fig2a. A further analysis can be done for SZA=25 and SAA=90 corresponding to measurements
considering the dependence of the Chappuis triplets on thé the tropical region.
SZA for a cloudy and for a cloud-free atmosphere as well as The relative retrieval errors for the OSIRIS viewing ge-
of the cloud-free integrated weighting function as shown inometry are shown in the right panel of Fitgh. As expected
the right panel of Figl3. As clearly seen, both the Chappuis from Fig. 12, the largest retrieval errors occur for a SZA of
triplet for a cloudy and for a cloud-free atmosphere decreasg(® getting smaller for the lower and higher Sun. The depen-
with increasing SZA. The Chappuis triplet for a cloudy at- dence on the SAA is weaker as compared to the SZA and is
mosphere is always larger than that for a cloud-free atmo-only significant for SZA=85.
sphere resulting in an underestimation of the ozone concen-
trations retrieved neglecting the tropospheric clouds (the re8.6 Most frequent clouds
trieval error is negative because of the negative integrated
weighting function). As follows from the results presented In this section, we investigate the relative retrieval errors oc-
among others byiou (1973 and Kokhanovsky(2001) for curring for the most frequent clouds observed in the Earth’s
the reflection function of clouds in the visible spectral range,atmosphere. The comparisons are performed for three typ-
the reflected solar radiation in a cloudy atmosphere decreasdsal viewing geometries of the SCIAMACHY instrument
with increasing SZA. This explains the observed dependencorresponding to a high, moderate, and low sensitivity of
cies for the Chappuis triplet taking into account that, ac-the ozone profile retrievals to the tropospheric clouds (see
cording to our findings in Appendix A, for the typical at- Sect.8.5). According to the results published IRozanov
mospheric/observation conditions the Chappuis triplet has @nd Kokhanovsky2006, tropospheric clouds typically ex-
similar behaviour as the reflected solar radiation. tend from 0.5 to 7.5km with most frequent values of the
In addition, we investigated the ozone profile retrieval geometrical thickness of about 3km. As demonstrated in
errors occurring when neglecting tropospheric clouds forprevious sections, the ozone profile retrievals exhibit simi-
the viewing geometries typical for the Scanning Imaging lar sensitivity to low and middle clouds. Therefore, in this
Absorption Spectrometer for Atmospheric CHartographY study a cloud extending from 4 to 7 km altitude is consid-
(SCIAMACHY) and the Optical Spectrograph and InfraRed ered to be representative for the most frequent clouds in
Imager System (OSIRIS) instruments. A detailed descrip-the Earth’s atmosphere. Based on the results published by
tion of the instruments was presentedBgvensmann et al.  Trishchenko(2001) and Kokhanovsky(2006, respectively,
(1999 andLlewellyn et al. (20049, respectively. Both En- values ofr=10 andr,=8 um are considered to be representa-
visat carrying the SCIAMACHY instrument and Odin with tive for the most frequent clouds. As before, the calculations
the OSIRIS instrument on board are in sun-synchronous poare performed for a surface albedo of 0.3.
lar orbits. SCIAMACHY/Envisat observes scattered, re- The ozone vertical profile retrieval errors for the most fre-
flected and transmitted solar radiation in nadir, limb-scatter,quent clouds are shown in Fig5 for three typical SCIA-
and solar/lunar occultation modes whereas OSIRIS/OdinMACHY limb observations having low, moderate, and high
performs only limb-scatter observations. The comparisonsensitivity to tropospheric clouds. During the northern
is performed for the viewing conditions of seven SCIA- hemispheric summer, these viewing conditions occur in the
MACHY limb observations (orbit 27746 on 21 June 2007) tropical region (SZA=25 and SAA=90), at northern high
and for nine combinations of the SZA and SAA which latitudes (SZA=85 and SAA=22), and at southern mid-
roughly cover the full range of the angles typical for the latitudes (SZA = 68 and SAA=156). The obtained results
OSIRIS observations. It is also worth noting that the viewing are summarized in Tab
geometry of the OMPS (Ozone Mapping and Profiler Suite)
instrument which will fly on the next generation of US oper-
ational polar-orbiting satellites, the National Polar-orbiting 9 Conclusions
Operational Environmental Satellite System (NPOESS), is
very similar to that of SCIAMACHY limb-scatter observa- The combined Chappuis and Hartley band retrieval allows
tions. to infer ozone profiles in the altitude range from the lower
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Fig. 14. Relative errors in the retrieved ozone profiles due to neglect of clouds in the retrieval process for viewing geometries typical for
SCIAMACHY (left panel) and OSIRIS (right panel) measurements. The calculations were performed for a middle cloud (the same scenario
asin Fig.12).

Table 3. Overview of the sensitivity of ozone vertical profile retrievals to tropospheric clouds (relative retrieval error in % is shown) for the
most frequent clouddfor typical viewing geometries of the SCIAMACHY instrument.

Viewing geometries 15km 20km 30km 40km 50km 60km

bszA=25, SAA=9C° <25 <2 <1 <05 <01 <01
CSZA=8%, SAA=22 <4 <2 <1 <05 <01 <01
dS7A=68, SAA=156 <6 <5 <2 <05 <01 <01

a cloud extention 4—7 kn;=10, r,.=8 um, ? Low sensitivity,® Moderate sensitivity?' High sensitivity

stratosphere to the middle mesosphere (15-65km altitude) Beside the investigation of the ozone retrieval errors, we
using measurements of scattered solar light in limb viewinghave introduced an approximate method, see Es), (vhich
geometry. The outgoing radiance observed by the instrumentan be used to estimate the ozone retrieval errors due to ne-
is much more sensitive to tropospheric clouds in the visibleglecting clouds in the retrieval process without solving the
spectral range than in the UV. Thus, the retrievals are mosthfull inverse problem.
affected by the changes of the Chappuis triplet in a cloudy Future versions of the SCIAMACHY ozone profile re-
atmosphere. The maximum retrieval errors are observed iftrieval processor operated at the University of Bremen will
the lower stratosphere. The retrieval errors decrease with inimit the tangent height range employed in the retrieval to
creasing altitude and become negligible at about 40 km fortangent heights above cloud top height. As discussed in
all considered scenarios. Sect. 8.1, this leads to a significant reduction of the effect
The surface albedor, and SZA are found to have the of clouds on the ozone retrievals in the lower stratosphere.
strongest effect on the retrieved ozone profiles whereas the
impact of ther,, SAA, cloud geometrical thickness, and
cloud top height is rather small. The latter, however, is theAppendix A
only case if the clouds are outside the field of view of the in-
strument and the cloud optical thickness is not altered whern this Appendix, we demonstrate that, for the typical at-
changing the geometrical thickness of the cloud or the effecmospheric/observation conditions, the Chappuis triplet, as a
tive radius of water droplets. For the most frequent clouds,function of any cloud parameter, has a similar behaviour as
the ozone vertical profile retrieval error is below 6% at 15— the reflected nadir solar radiation. This means that, for exam-
20km altitudes and less than 5% above 20km for typicalple, an increase in the reflected radiance, due to a variation
viewing geometries of the SCIAMACHY instrument. of any cloud parameter, leads to an increase in the Chappuis
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70 T T T T T T T ] cloud parameters and the dependence of the normalized limb
E  _ SZA=25SAA=90 radiance and of the Chappuis triplet on cloudiness is only due
605_ SZA = 85, SAA = 22 3 to the diffuse radiation. Let us now simplify Eq#3) and

(A4), expanding these into Taylor series with respect to the

: ] diffuse radiation and restricting the consideration to the lin-

5ok 3 ear terms. In particular, the normalized limb radiance given
; ] by Eq. A2) is written as follows:

— INU (A, hi) I Wi b)) = AN U (A, hi) I (A, i)

dly
Ly (g, by
YD d(Ak,hi)

aly
d1a(hy)

_ SZA =68,SAA =156

40F

ALTITUDE (km)

s0f 14=0

Ii(Ai,hy),  (AS)

1,=0

wheredly /01, (h;) anddly/01,4(h,) are partial derivatives
of the normalized limb radiance with respect to the diffuse
] ] radiance at the tangent heightand#,, respectively.

RETRIEVAL ERROR (%) After some algebra, EQAR) can then be rewritten in the

following form:

Fig. 15. Relative errors in the retrieved ozone profiles due to ne-
gle_ct of (_:Iou_ds in the ret_rieval process for most frequent clouds fory, (a;, h;) = re {1+ |:
typical viewing geometries of the SCIAMACHY instrument. The
calculations were performed with the scenario as given in Table

101 o

la(h hi) Id()»k,hr)“ ’ (A6)
Is()&kahi) Is()\lahr)

wherer! =I;(Ax,h;)/I; (A, k) is the normalized single scat-
tered limb radiance, and EqA4) results in

triplet value as well. To demonstrate this, let us represent the . 1O, hy)  Ii(A2,hy)
limb radiance at the wavelength and tangent height; as ~ Y(hi) =75 {1 [ N }
. . . . Is()\27ht) I ()‘thr)
a sum of the single scattered and the diffuse radiance:
_[Id(?nl,hi) 3 Id()»l,hr)]} (A7)
I (s hi) = Is e, hi) + 1a (Mg, hi) (A1) I(A1,h)  L(hahy) |)
Using this representation, Eql)(for the normalized limb  where r!=1I;(A2,h;)I;(A1,h,)/Is(A1,hi)/Is(A2,h,) is the
radiance is rewritten as Chappuis triplet value corresponding to the single scattered
IO, i) + Ly O, i) Iimt_) rz_;ldiation. Both the single scattered and the diffuse limb
Iy Qe hi) = = l l (A2) radiation at the tangent height can be represented as fol-

Iy he) + 1 O hy) lows:
whereh, is the reference tangent height, and the Chappuis
triplet defined by Eq.2) is obtained as
Iy (A2,hi)
VIN(1,hi)In (A3, hi)

lp

Is,d()»k,hi)=/0k(l) Js.a (i, 1) T (Ddl (A8)
(A3) I
) ) where the integration is carried out along the instrument line-
Here, the wavelengthis., 12, andis are defined as discussed ¢ qignht o, (1) is the extinction coefficient at the wavelength
in Sect.3. Since our consideration is only qualitative, we as- ae, Te()=e—%(1D is the transmission function along the
sume for a further discussion that the normalized radiances e}fn,e-of-sight between the points having coordinates @ind
wavelengths.; andiz are equal, i.efy (A1, h;)=1Iy (A3, h;). [, wherel1 corresponds to the instrument locatiep(/y,1) is

This allows the mathematical formulas presented below to b?he corresponding optical depth, ad; (. 1) is the source

:uﬁzt_?]ntlally shortened. Under this assumption, B8) (- fnction of the single scattered or the diffuse radiation given
ults i

y(hi) =

by
y(h) _ ]s(klvhr)‘i‘ld(klshr) (Uk(l)
YT Iy hy) + 1y (Ao, by Js.a (i) = = /Pk(Q(l),Q)[v,d()\k,l,g)dg~ (A9)
Is(A2,hi) +1a(A2,hi) (A4) 4

Ly (1, hi) + La (A1, hi) Here,wi (1) is the single scattering albedo at wavelength
For the discussion below, we restrict our considerations taat the line-of-sight point with coordinatep, (2 (1), 2) is the
clouds with top heights below the tangent height In this phase function describing the scattering probability from all
case, the single scattered limb radiation is independent ofirections to the line-of-sight directio®:={u, ¢} describes
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the set of variablege[—1,1] and¢<[0, 27 ] wherep is the Taking into account that

cosine of the polar anglemeasured from the positiveaxis

and¢ is the SAA, andl; 4 (i./, ) is the single scattered or Is (v, 1, 82) = 8 (S2— §20) Ti (peo; H, hi), (A16)
diffuse radiation field at the line-of-sight point Assuming  wheres(Q—y) is the Dirac delta function and the extrater-

that only the tangent point region contributes to the integralrestrial solar flux is set ta, Eq. (A9) for the single scattering
along the line-of-sight, EqQA@8) can be simplified as follows:  sgurce function becomes

I5,a Ok i) = 0k (i) Js.a e 1) T (hi) (AL0) ;5 iy = k)
s s ) — 4

whereTy (h;) is the transmission function along the line-of- ) . . .
sight from the the tangent height to top of atmosphere. and the ratio of the diffuse to the single scattering source
function at the tangent height can be written as follows:

Using Eq. A10) the ratio of the diffuse to the single scattered
radiation can be written as follows: Ja(Ohi, i)
Li(ue,hi)  Ja(hg,hy Js(k,hi)
a(i i) Ja (O 1). (A11) s(Akshi)
Is(M i hi)  Js (A, i)

Substituting the ratiol;(Ax,h;)/I;(Ar,h;) as given by

Eq. (A11) into Egs. A6) and (A7), we obtain where Pr(Q2i,2)=pr(82i,2)/ pr (€2, 20), and
Tie(os hihe)=Ti(no; H,he)/ Ti (o H,hi) is the trans-

Ji(Ag, h; Ji(hg, hy issi i
In G ) = {1+[ d(k,hi)  Ja (e )“ (A1)  Mission between the tangent height and the cloud top

Pr(Qi,20) Tk (no; H, hi) (A17)

1/
;/Pk(gi»Q)Rc(Q) T (s hi he)d2
4

x Ti(mos hi,he), (A18)

Jsi, b)) Jg(g,hy) height altitudeh.. The ratio of the diffuse to the single
scattering source function at the reference tangent height
can be obtained setting in EqAL8) h;=h,. To simplify

Ja(h2,hi)  Ja (AZahr)} Eq. (A18) let us introduce the following abbreviation for the
Js(ho,hi)  Js(A2,hy) product of two transmission functions:

and

) =r! {1+[

Ja(A1,hi Ja(A1,hy
_|fa@ehi)  JaGah) ] (A13)  Tehishe) = Te(us hi he) Ti(pios hishe) (A19)
JY()‘lvhi) Js (Alahr)

N
In the next step, let us formulate an approximate relationship
between the diffuse source functiah; (A, h;), and the in-  Ja(Ag, hi) l/ .

L - Qi, QD RA(Q) T (hi, he)dS2. A2
tensity of radiation reflected by a cloud. This is done using Jy(Ag,h;) = Pi( YRS Tie(hishe) d (A20)
the approximate expression for the intensity of diffuse radia- A
tion suggested biKokhanovsky and Rozang2004 which Introducing an auxiliary functioff (A;) as
we write here in the following form:

J JaOuahi)  JaGhy)

ow, Eq. A18) can be rewritten as follows:

Tk = , A21
R(R) = Ry(@)+T(uo; Hoho) R T(ihishe) s (A1) 7 M= 306000 ™ TGy (A21)
whereR, () is the intensity of radiation scattered in the at- Egs. A12) and A13) can be rewritten as follows:
mosphere above the cloud calculated in the single scatterlngIN Oueshi) = 14+ TO0] « (A22)

approximation,R.(2) is the intensity of radiation scattered ,
within the cloud and in the underlying atmosphere including Y (%) =75 [1+T(12) = T(h1)] . (A23)

the surface reflection _(wg neglect the d.ependencéc(m) _ These equations alone with Eq820) and @A21) provide a

on the wavelength within the Chappuis ozoneHa}lbsorptlorgimMe linear relationship between the normalized limb ra-
_band),uo is a cosine of the SZAT (110; H, ho)=e~*(H:he)/ 1o diancely (At h;) or the Chappuis triplet valug(k;) on the

is the transmission between the top of the atmosph&e ( gne hand and the intensity of radiation reflected by a cloud
and the cloud top height(), andT (u; i, he)=e " *-h/i b (o0 ihe other.

is the transmission between the cloud top heigh} &énd the The goal of our study is to prove that if the intensity of

tangent point;). In the case of a weak gaseous absorption, efiected radiation increases due to an increase in a certain
the first term on the right-hand side of EdA14) is much  |5ud parameter, for exampte i.e.

smaller than the second term and, thus, it can be neglected.

Substituting then EqA14) into Eq. (A9), the following ap- IR _ ., @ >0 (A24)
proximate expression for the diffuse source function can be 9t ¢ ’
obtained: thend Iy (A, hi)/d7>0 anddy(h;)/d7>0 as well, i.e., both
o (hi) the normalized limb radiance and the Chappuis triplet in-
Ja (i hi) ~ - /pk(Qi’Q)Rc(Q) Ti(pshishe)dS2 crease when the intensity of reflected radiation increases.
4 The discussion below is applicable to nearly all cloud pa-
x Ty (uo; H,he) . (Al15) rameters except for the cloud top height. This is because,
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unlike other cloud parameters, the variation in the cloud topT’(12)—J7 (A1) can be written as
height affects not only the solar radiation reflected by cloud 1(.
in Eq. (A14) but also the transmissiorB(uo: H,h,) and T (A2) =T (k1) = ;/pz(ﬂi,Qo)Ré(Q)T1(hi,hc)
T (u;hi, he) which must be differentiated as well when cal- 4
culating the derivative oR (€2). Since, as shown in Se&.3
the dependence of the ozone vertical profile retrievals on X {[Tg(h”hC)_Tl(h”h’)Tg(h”hC)]
cloud top he|ght is .rather small, we excludg th|§ parameter _[1_ Tl(hr,hi)]}dQ. (A31)
from the consideration below for a sake of simplicity.

Differentiating Egs. £22) and (A23) with respect to the  As seen from this equation, in contrastXai), the differ-

cloud parameter of interest, we obtain enceJ’(12)—T’ (A1) can be both negative and positive. In-
deed, assuming that the absorption betwkeand . can
Iy e i) =r] [14+T ()] (A25)  Dbe neglected, i.eT,(h;,h.)=1, the expression in brackets
Y (i) =r{ [14+702) =T ()] - (A26)  resultsin

N . = T1(hy,hi) — To(hy, hi) Ty (hy, he
Here, taking into account EqsA20) and @A21), the deriva- t 1 )~ T )T )

tive 7/ (x) is obtained as = Tl(hr,hi)[l— Tg(hr,hc)] , (A32)
T — 1. O AR (O and T (x2)—T"(11)>0. On the other hand, as-
e = ;/pk( i Q0)R.(82) suming that gaseous absorption is very strong, i.e.,
Ar Tg(hi he)=T4(h,,h:) =0, we have
X [Tk(hi,hc)_Tk(hrvhc)]dQ . (A27) {1 = - |:1_Tl(hr hl)] (A33)
or i.e., 7 (r2)—T"(r1)<0. Thus, generally, the sign of the dif-
1 (. ferenceJ’(A2)—T7’ (A1) depends on the gaseous absorption
T () = ;/pk(ﬂi,QO)RQ(Q)Tk(hi,hc) in the atmosphere. In the considered case of measurements
4 of scattered solar light in the Chappuis absorption band of
ozone, itis reasonable to assume that the gaseous absorption
X [1_T"(h”h")]d9’ (A28) and atmospheric extinction between the tangent heigghts

) . andh; is weak. Under this assumption, we have
where Ty (h,,h;) =Ty (h;,h.)/ Ti(h; , he) is the transmission

between the reference tangent heightand the tangent T1(h.hi) = 1—71(hr hi), (A34)
heighth;. Now it is obvious that To(hy he) = 1—14(hr he), (A35)
T0g) > 0, if R.(Q) > 0 (A29) where t1(h,,h;) and g (h,,hc) are the optical thicknesses

of the extinction (Rayleigh scattering and ozone absorption
Thus, we found that the derivative of the normalized limb @t A1) and of the gaseous absorption, respectively (we re-

radiance with respect to a cloud parameter has the same sidﬁi“d that we neglect the aerosol extinction and the gaseous

as the derivative of the intensity the solar radiation reflected®2Sorption should be understood as additional absorption at
by the cloud. wavelengthi, as compared to wavelength). Substituting

To complete our discussion, we show that the correspond?©W these approximations into Ed31) and neglecting the
ing derivative of the Chappuis triplet has the same sign aduadratic terms, i.ezy(h,,hi) 7y (. h), after simple alge-
well, i.e., we prove thal’ (A2)—T"(A1)>0. This can be done Pra we obtain

taking into account that the ozone absorption at Wavelengtrbv/(kz) —T0g) = 1/132(9- Qo)R.(Q)T1(h; he)
A2 is larger than at.1. This allows us to rewrite EqQAR7) b4 v ¢ v

for A, in the following form: 4
X Tg(hy,hij)dS2. (A36)
1 I . .
T () = —/ﬁz(Qi,Qo)RL(Q)[Tl(hi,hc) Ty (hi he) Thus, we can state that the derivative of the t_rlplet, with re-
T spect to the cloud parameters, has the same sign as the deriva-

an tive of the intensity of solar radiation reflected by clouds

- Tl(hr»hc)Tg(hr,hc):IdQs (A30)  if the difference in gaseous absorption between the wave-
lengths forming the triplet is small and the extinction of the
where Tg(h;,h.) and Te(h.,h.) describe addi- radiation between tangent heiglitsand’; due to the scat-
tional gaseous absorption at wavelength as com-  tering processes is small as well. Although these assump-
pared to wavelengthi;.  Now, taking into account tions commonly hold, in the case of very large ozone con-
that Ti(h,,he.)=T1(h,,h;)T1(h;, he), the difference centrations Eq.A35) is not valid anymore and the signs of
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the derivatives can be different. Thus, the sensitivity of the
triplet to clouds can not be explained considering the inten-
sity of the reflected solar radiation in this case.
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